In aqueous foams, the diffusive gas transfer among neighboring bubbles drives a coarsening process which is accompanied by intermittent rearrangements of the structure. Using time-resolved diffusing-wave spectroscopy, we probe the dynamics of these events as a function of the rigidity of the gas-liquid interfaces, liquid viscosity, bubble size, and confinement pressure. We present in detail two independent techniques for analyzing the light scattering data, from which we extract the rearrangement duration. Our results show that interfacial rheology has a major impact on this duration. In the case of low interfacial rigidity, the rearrangements strongly slow down as the pressure is decreased close to the value zero where the bubble packing unjams. In contrast, if the interfaces are rigid, rearrangement durations are independent of the confinement pressure in the same investigated range. Using scaling arguments, we discuss dissipation mechanisms that may explain the observed dependency of the rearrangement dynamics on foam structure, pressure, and physicochemical solution properties.
I. INTRODUCTION
Liquid foams are concentrated suspensions of gas bubbles in a solution containing surfactants, required to stabilize the liquid-gas interfaces. Although foams are constituted only of fluids, their response to a small applied stress is elastic, and the induced bubble displacements are reversible. If the applied stress is larger than a yield stress, the foam flows due to irreversible local bubble rearrangements called T1 events in foams of low liquid fraction [1, 2] . If the strain rate times the typical rearrangement duration is much larger than 1, successive rearrangements overlap in space and time so that the flow is approximately laminar [3, 4] whereas in the opposite case a strongly nonaffine bubble motion is observed experimentally and numerically [3] [4] [5] [6] . Therefore, the duration of local rearrangements is a key parameter linking the microstructure dynamics to the macroscopic rheological response of flowing foams and other concentrated suspensions [7] [8] [9] .
Rearrangements can also occur if the applied stress is smaller than the yield stress due to an aging process called coarsening [10, 11] : Driven by differences in Laplace pressure, diffusive gas exchanges between neighboring bubbles create unstable packing configurations, leading to local rearrangements that intermittently release interfacial energy [12] . These coarsening-induced events give rise to linear viscoelastic relaxations and slow creep flow [13, 14] .
The links between macroscopic foam behavior and local bubble rearrangements motivate the question of which features of a foam determine the dynamics of these events. An obvious candidate is the confinement of the bubbles by their neighbors. It can be characterized either by the liquid volume fraction ε or by the confinement pressure (called osmotic pressure in the context of foams and emulsions [15] ). The confinement pressure determines the average contact force which pushes bubbles against each other and deforms them. Recent experiments and simulations have shown that, for granular suspensions and wet foams with mobile interfaces, the steady flow rheology is governed by the product of the shear rate and the relaxation time η/ , where η is the suspending liquid viscosity [8, [16] [17] [18] . In this context, η/ has been interpreted as a typical particle or bubble rearrangement time [8, 17] . Since the confinement pressure goes to zero at the jamming transition [19] , η/ is expected to diverge in this limit.
The duration of rearrangements is set by the interplay of the elastic and dissipative interactions between bubbles [20] . When bubbles are squeezed against each other, surface tension induces an elastic restoring force that resists their deformation. Viscous dissipation occurs as liquid flows inside the films between neighboring bubbles, in the junctions of films (called Plateau borders) and the vertices where the Plateau borders meet. The interfaces also show a viscoelastic resistance to changes in the interfacial area. This effect, called interfacial rigidity, is governed by the surfactant exchanges between the adsorbed monolayer and the liquid underneath, and it is described by the dilational modulus E, which relates the relative variation of interfacial area A to the change of the surface tension γ : E = dγ d ln A . For small oscillatory deformations (with frequency f ), the response of the interface can be decomposed as the sum of an elastic and a viscous contribution, respectively characterized by the real and imaginary parts of the complex surface dilatational modulus E * = E + iE . The imaginary part E is linked to the dilational surface viscosity κ by the relation E = 2πf κ.
Experiments have shown that the dilational interfacial rigidity has a strong impact on the macroscopic viscosity of flowing foams [21] as well as on their viscoelastic response [22, 23] . Previous investigations of the rearrangement duration were conducted in two-dimensional (2D) foams [24] or three-dimensional (3D) bubble clusters [25] [26] [27] of very small liquid content. These studies have shown that, for dry foams, dissipation at the liquid-gas interfaces is dominant and that in the quasistatic flow regime the rearrangement duration is proportional to κ/γ .
In the bulk of wet foams, the strong refraction and reflection by the gas-liquid interfaces make it impossible to visualize bubble motions. However, a multiple light scattering technique called diffusing-wave spectroscopy (DWS) can be used to detect bubble dynamics inside such samples [28] . The rate of rearrangement events in coarsening foams [12, 29, 30] , their duration [30] , and their spatiotemporal correlations [31] [32] [33] have been probed using time-resolved variants of DWS [34, 35] .
In this paper, we present a study of the bubble rearrangement duration in foams, as a function of confinement pressure, bubble size, interfacial rigidity, and liquid viscosity. Our objective is to identify the fundamental mechanisms involved in these dynamics, and to provide a basis for simulations and physical models. Our results obtained for foaming solutions with low interfacial rigidity have already been published in a recent paper [36] . Here, we provide full details concerning these experiments, in particular concerning the time-resolved DWS technique that was used. In addition, we present new data, obtained for foams with the same structure as in our previous experiments, but which contain a cosurfactant that strongly enhances interfacial rigidity. This physicochemical modification is shown to have a major impact on rearrangement dynamics, for confinement pressures approaching the jamming point. We provide a detailed discussion of the physical mechanisms that may be at play.
II. MATERIALS AND EXPERIMENTAL SETUP

A. Foaming solutions and foam generation
The foaming solutions consist of a mixture of two surfactants: Sodium lauryl-dioxyethylene sulfate (SLES, from Stepan Co. USA, at a concentration of 0.33 wt%) and cocoamidopropyl betaine (CAPB, from Goldschmitt, Germany, at a concentration of 0.17 wt%). Concentrations are defined as the weight of surfactant per total weight of solution. These solutions are known to have low interfacial rigidity [37] . Samples with high interfacial rigidity, i.e., for which the surface dilational modulus |E * | γ [23, 38] are prepared by adding myristic acid (MAc, from Fluka, Germany, at concentration 0.02 wt%). Concentrated solutions (20 times the final concentration) are initially made at room temperature and stirred overnight. The concentrated solutions are then diluted in a glycerol-water mixture (glycerol anhydrous 99.5 % GC from Sigma-Aldrich). We tune the bulk viscosity η by choosing glycerol concentrations G in the final solution ranging from 0 to 60 wt%. The physical properties of these solutions are given in Table I . The surface tension γ is measured using the Wilhelmy plate technique. The bulk viscosity η of the solutions is measured in a rheometer (Paar Physica MCR501) equipped with a double gap Couette geometry.
In Table I , we report the complex surface modulus E * = E + 2iπf κ for the foaming solutions used in our experiments. E * is determined using an oscillating bubble interfacial rheometer (TECLIS tracker) at a frequency f = 0.2 Hz and 1 % relative area variation amplitude. The measurements are averaged between 200 and 400 s after bubble formation, as in Ref. [39] . At the temperature where all the experiments are done (22.5 ± 0.5
• C), the SLES-CAPB solutions have a much smaller dilational surface viscosity (4 mN.s.m −1 < κ < 7 mN.s.m −1 ) than the SLES-CAPB-MAc solutions (100 mN.s.m −1 < κ < 150 mN.s.m −1 ) as expected. Previous measurements showed a good correlation of such low frequency data with the moduli at the higher frequencies relevant for rearrangement dynamics [26] . Besides, the data in Table I are consistent with previous measurements [22, 37] . They show that changing glycerol concentration in the MAc solutions does not allow η and κ to be varied independently.
The foam is produced by injecting pure nitrogen and the foaming solution into a microfluidic device [40] . It generates monodisperse bubbles of diameter d, chosen in the range 70-240 μm by adjusting the ratio of gas and liquid flow rates [40] . The liquid flow rate is controlled with a syringe pusher, while we use a mass flow controller (Bronkhorst EL-FLOW Select) to set the gas flow rate.
B. Confinement pressure control
We partially fill a glass container with foaming liquid and add foam until it is totally filled (Fig. 1) . The volume of gas contained in the foam is deduced from the weight of the filled container, its volume, and the liquid density ρ. The top of the container is closed with a transparent plastic lid to avoid evaporation. The liquid in the foam drains and accumulates at the bottom of the container until an equilibrium between gravity and capillary forces is achieved. We monitor this process by measuring the height H of the foam sample floating on the liquid as a function of time. In our experiments, the final values of H lie in the range 1.5-30 mm. The confinement pressure at the top surface of the sample where we probe the rearrangement dynamics as described in the following is imposed by the cumulated buoyancy of the bubbles below [15] :
= ρ g/ , where denotes the horizontal sample cross section. By changing H (and thus ), we are able to tune the confinement pressure near the top surface between 10 and 300 Pa. While the volume and the pressure are fixed for a given experiment, the sample height H is free to adapt as TABLE I. Composition (glycerol and myristic acid concentrations), viscosity η, surface tension γ , and surface dilational viscosity modulus E * = E + 2iπf κ at the frequency f = 0.2 Hz of the solutions used for the experiments at temperature 22.5
• C, following the procedure described in Ref. [39] . drainage establishes progressively the equilibrium liquid fraction profile [15, 41] . This profile depends on the foam structure which evolves upon coarsening as we will explain below.
The evolution of the foam structure during the experiment is monitored by taking photographs of the foam top surface at regular time intervals (Figs. 2 and 3) . Initially, the structure is monodisperse and polycrystalline, but coarsening soon starts due to small variations in bubble size and topological disorder [42] . By analogy, we expect coarsening at the surface to reflect coarsening in the adjacent bulk. As the foam becomes polydisperse, it also becomes disordered [Figs. 2(a) and 3(a)]. In each experiment we only study the sample for coarsening times so short that the mean bubble diameter d is to a good approximation constant. Thus, d is well defined and fixed for each experiment.
C. Light scattering setup
The bubble rearrangement dynamics inside the foam are probed by time-resolved DWS [28, 30, 34, 35, 43] . The experimental setup is schematically presented in Fig. 1 . A laser beam (wave length λ = 532 nm) is focused by a lens on the top surface of the sample. Most of the photons that penetrate into the sample are finally backscattered after a random walk in a scattering volume whose typical depth and lateral extent are of the order of l * , the light transport mean free path [30] . In the wet foams studied in our experiment, l * /d ≈ 2-3 [44] ; the volume probed by the DWS measurements is therefore a fraction of a millimeter in height, larger than the immediate vicinity of the sample surface visible in video microscopy observations, but much smaller than the sample height H .
We collect some of the light backscattered in the vicinity of the illuminated spot using a multimode fiber whose other end faces the sensor of a high speed CCD line camera (Basler L104k, 1024 pixels, 8 bits). It records the speckle interference pattern formed by the light. The acquisition rate is chosen in the range 1-20 kHz and the exposure time ranges from 40 to 900 μs, depending on the rearrangement duration as explained below. Depending on the exposure time, the laser power is set between 0.01 and 0.2 W so that the average gray level recorded by the CCD camera is 30-40. This helps to limit the fraction of pixels that are saturated, in view of the strong intensity fluctuations characteristic of speckle patterns. We have checked that the laser power has no influence on the measurements in the indicated power range.
When a bubble rearrangement occurs in the volume of the foam probed by the diffusive light paths, the phase of the light propagating along these paths is modified, resulting in fluctuations of the speckle interference pattern recorded by the camera. In the space-time representation of these data shown in Fig. 4 (a), such rapid fluctuations can clearly be distinguished.
III. DATA ANALYSIS
A. Time-resolved-correlation spectroscopy
In a classical DWS experiment, coherent light shines on the sample and a detector measures the intensity of a small number of scattered light speckles. The intensity fluctuations are analyzed using the following normalized autocorrelation function that reveals the dynamics of the scatterers in the sample [28] 
where τ is a delay time and t denotes a time average extended over a period sufficiently long for the internal dynamics of the sample to produce a large number of different realizations of the disorder. β is a parameter defined as
It characterizes the magnitude of the intensity fluctuations and, depending on the detector area, it varies from 1 (in the ideal case of a single speckle with polarized detection) to zero [45] . g 2 (τ ) is linked to the normalized electric-field autocorrelation function g 1 (τ ) by the relation g 2 (τ ) = |g 1 (τ )| 2 [28] . We note that in view of Eq. (2), g 2 (0) = 1, and that with increasing delay time g 2 (τ ) drops to zero as structural changes progressively decorrelate the speckle pattern.
If the dynamics of the scatterers are not stationary but transient, the intensity autocorrelation function depends not only on delay time τ , but also on the acquisition time t. In time-resolved variants of DWS the time averages are therefore replaced by averages over speckles, detected simultaneously by the pixels of a camera [34, 46] . Such a multispeckle averaging has been used to resolve dynamics in time [29, 47] . Cipelletti et al. [34] have introduced a time-resolved-correlation spectroscopy where the temporal fluctuations of the speckle intensity I t are characterized by the following autocorrelation function:
where I t denotes the intensity detected at a given pixel at time t and the brackets denote an average over the pixels.
Assuming that the time and pixel averages are equivalent, c I (t,τ ) is related to the intensity temporal autocorrelation function c I (t,τ ) = βg 2 (τ ). This approach relies on ergodic electric field statistics of the detected light, but it does not require ergodic dynamics of the scatterers in the sample, as discussed by the authors of Ref. [35] . We now discuss how bubble rearrangements in coarsening foams modulate the scattered intensity autocorrelation [ Fig. 5(a) ]. A previous study has shown that on a sufficiently short time scale, the bubble displacements upon a rearrangement can be modeled as a ballistic random motion [30] . For scatterers undergoing such motion with average velocity v(t), the theory of DWS predicts, using the diffusion approximation, [28, 35] , where ζ ≈ 2, yielding 
, where = 4πζ ≈ 25. Strictly speaking, the number of scattering events in the backscattering configuration is too small for the diffusion approximation to be justified. However, experimental results for Brownian suspensions where the scatterer dynamics are known are in quite good empirical agreement with this approximation [48] . In the context of multispeckle detection, the time averages in Eq. (2) are replaced by averages over speckles. Unless their number is extremely large, β can no longer be considered as a constant. It fluctuates with time, as illustrated in Fig. 5(b) . This effect introduces noise in the measured autocorrelation function c I (t,τ ) [ Fig. 5(a) ], and correction schemes based on measurements of β(t) have been discussed in the literature [46] . In our experiments, we use a different approach. It relies on an intensity autocorrelation function F , which is by construction not sensitive to the fluctuations of β [29] . F is an implementation of the autocorrelation function g 2 given in Eq. (1), where we have replaced time averages by averages over speckles, and where β is expressed in terms of moments of the intensity fluctuations using Eq. (2). In addition, the first and second moments of the intensity distribution are determined as averages over their respective values at times t and t + τ
Figure 4(b) illustrates the time evolution of F during a typical coarsening experiment. F never reaches the value 1, ideally expected for a static sample. This is due to the slow continuous motions in coarsening foams where small bubbles shrink and large bubbles grow, and also due to noise. This slow motion is observed most of the time, as evidenced by the peak of the probability distribution of the quantity 1 − F shown in Fig. 6 . The corresponding value of 1 − F will be denoted ξ . that can also be observed at the foam surface [12, 30, 46] . Moreover, Fig. 4(b) shows that the modulation of F upon a rearrangement strongly increases with τ . Using the analogy between F (t,τ ) and g 2 (τ ) we deduce from DWS theory that
. If this prediction holds, the quantity − ln F (t,τ )/τ = v(t)/λ must be independent of τ . This scaling behavior is indeed seen in Fig. 4(c) , where τ varies by two orders of magnitude. For larger values of τ , the signal near the peak becomes too noisy to be analyzed.
If
The decorrelation peaks observed on a plot of 1 − F versus time should thus scale linearly with both v and τ . Our data follow indeed this scaling [ Fig. 4(d) ] if τ is chosen in the appropriate range. If τ is too large, the peak saturates, as can be seen for τ = 25.6 ms in Fig. 4 . If τ is too small, the signal becomes so small that it can no longer be resolved. However, for intermediate values of the delay τ , the quantity [1 − F (t,τ )]/τ is a robust measure of bubble dynamics and we use it in further data analysis.
B. Peak shape analysis
The peaks of the temporal decorrelation signal [1 − F (t,τ )]/τ indicate rearrangements. We estimate their duration T as the full width at half maximum (FWHM) of the peak [ Fig. 4(d) ], in analogy with previous light scattering studies of rearrangement dynamics [30] . For each coarsening experiment at fixed confinement pressure, bubble size, and foaming solution, the average T of the successive rearrangement durations is calculated. In this analysis, we choose the value of τ in the superposition regime evidenced in Fig. 4(d) and we consider only peaks higher than a threshold value 10ξ , chosen sufficiently above the average level of decorrelation between peaks to rule out artifacts related to noise. For peaks higher than 10ξ , we did not detect any correlation between the duration T and the peak maximum Y max = (1 − F ) max : For several experiments, Spearman's rank correlation coefficient was found to be comprised between −0.18 and 0.1 [49] . This means that our data do not provide evidence for a correlation between peak height and peak duration at a level of confidence of 90 %.
To study the shape of the decorrelation peaks, we fix the value of τ and measure for each peak its maximum value Y max as well as the instant t max at which it occurs. We compare the profiles of different peaks by plotting the normalized decorrelation (1 − F )/Y max versus (t − t max )/T . Figure 7(a) shows the average peak profiles for two experiments where foaming solutions with low and high interfacial rigidity were used. Figure 7(b) shows the average profile calculated for peaks that are either narrower (T < T ) or broader (T > T ) than the average for an experiment with a solution of low interfacial rigidity. The profiles obtained in all these cases are very similar, and their growth and decrease before and after the maximum at time t max are symmetric, as reported in a previous light scattering study of rearrangement dynamics in Gillette shaving foam [30] .
In addition to the experiments with the foams specified in Sec. II, we have also performed measurements of rearrangement durations in Gillette shaving foam that has coarsened 5 to 7 hours after production. The average rearrangement duration T = 365 ± 43 ms that we measure in these foams including all peaks is consistent within 20 % with the value T = 440 ms previously obtained for similar samples, using speckle-visibility spectroscopy [30] .
C. Fourth order autocorrelation function
To study the characteristic time scales of intermittent dynamics in a multiply scattering material, Duri et al. have analyzed the temporal fluctuations of the function c I (t,τ ) using a fourth order intensity autocorrelation function [46] .
Gittings et al. have studied dynamical heterogeneity in foams using the temporal autocorrelation function of the average bubble velocity, determined by speckle visibility spectroscopy [30] . In a similar spirit, we study the fluctuations with the time t of the quantity 1 − F (t,τ ). To focus the analysis on the intermittent rearrangement events, rather than the noise or the slow continuous bubble dynamics, we subtract from 1 − F (t,τ ) the most probable value of 1 − F , denoted ξ (cf. Fig. 6 ), and introduce the following correlation function:
where · · · t is a time average and s is a delay time. g 4 (0,τ ) is by definition equal to 1. With increasing delay time s the bubble dynamics at times t and t + s are less and less correlated and g 4 (s,τ ) is therefore expected to decrease, on the time scale set by the duration of the rearrangements. This reduction must finally level off if s becomes so large that the bubble dynamics at the times t and t + s are statistically independent, as expected for intermittent random events. However, since our experiments probe the onset of the coarsening process, the rearrangements cannot be described as a stationary random process, and we do not investigate here the behavior of g 4 at delay times s much larger than the rearrangement duration.
The measured correlation functions plotted in Fig. 8(a) show that for the shortest investigated delay time τ = 0.2 ms, there is a sharp initial decay of g 4 (s,τ ). It occurs over a delay time s 0 close to 0.4 ms. Dynamics in the submillisecond range in foams have been reported previously and attributed to thermal motion [50] . Ambient vibrations and electronic noise may provide additional contributions in our case. To discard the sharp decay that characterizes submillisecond dynamics we introduce the normalized function g 4 (s,τ ) = g 4 (s,τ )/g 4 (s 0 ,τ ) shown in Fig. 8(b) . This normalization procedure is justified in the case of statistical independence between the submillisecond dynamics and the much slower one due to the rearrangements.
If τ is sufficiently short that (1 − F )/τ is independent of τ and the saturation phenomenon illustrated in Fig. 4 is avoided for all the peaks, we expect the function g 4 (s,τ ) to be independent of τ . In Fig. 8(b) we observe indeed this behavior for τ = 0.2 and 0.4 ms. We note that for peaks that are smaller than on the average, the range where (1 − F )/τ is independent of τ is much larger than specified above, for instance, up to τ = 6.4 ms in Fig. 4(d) . In the following, we will always choose τ in the range where g 4 (s,τ ) is independent of this parameter and denote the autocorrelation function in this case g 4 (s). Figure 9 (a) shows that depending on the sample characteristics, g 4 (s) decays with characteristic times spanning almost two orders of magnitude. We compare them to the peak durations determined from the FWHM criterion for the same experimental data (Sec. III B): In Fig. 9(b) , we plot g 4 (s) versus s/T and see a collapse of all the curves on a master plot. This shows that the characteristic decay time of g 4 (s) is proportional to T , as expected if g 4 (s) reflects the peak dynamics.
This prompts us to test whether a time scale factor denoted can be empirically determined so that the data g 4 (s/ ) obtained with all foams with different physicochemical char- acteristics collapse on a reference curve, for which the average FWHM rearrangement duration is denoted T ref . A collapse of the curves is indeed found (see the Supplemental Material [51] ).
This result shows that, using the fourth order autocorrelation function, the characteristic rearrangement time scales of foams with different , d, and liquid physicochemistry can be quantitatively compared, independently of any criterion concerning the peak shape.
To conclude this section about the detection of heterogeneous dynamics using time-resolved DWS, we note that FWHM correlation peak analyses or fourth order intensity autocorrelation functions provide consistent alternative ways to extract the characteristic rearrangement duration. The inset of Fig. 9 illustrates that the time scales T ref and T are indeed linearly related. In the following, we will determine the rearrangement duration using the FWHM analysis. Figures 10 and 11 show that the average rearrangement duration T increases only slightly as the initially ordered monodisperse samples become disordered and polydisperse. This result suggests that for a given bubble size, liquid fraction, interfacial rigidity, and liquid viscosity, T is set by features that do not depend strongly on spatial correlations in the bubble packing, such as the average elastic and viscous interactions of individual bubbles. In contrast to the average duration, the standard deviation of T strongly increases with polydispersity and packing disorder (Figs. 10 and 11 ), both for low and high interfacial rigidity. 
IV. RESULTS AND DISCUSSION
A. Overview of the intermittent bubble dynamics
B. Distribution of rearrangement durations
We now focus on the distribution of rearrangement durations T evidenced in Figs. 10 and 11. In Fig. 12 , we plot the probability distribution of T , normalized by the respective average duration T ; each data set corresponds to a different coarsening experiment (given , d, and liquid physicochemistry) for the whole life of the foam. We also plot the rearrangements statistics previously reported for Gillette shaving foam [30] and find that our measurements are consistent with them. Varying the confinement pressure (in the range 9-160 Pa) and the interfacial rigidity does not have any significant impact on the distributions of T /T shown in Fig. 12 . As a consequence, the average duration T is a robust time scale that can be used to study the impact of foam structure and composition on rearrangement dynamics.
The distribution of rearrangement durations is broad, with a tail extending to long times. Gittings and Durian [30] have suggested that this feature could be due to multiple unrelated events occurring simultaneously in the scattering volume. If uncorrelated rearrangements of duration T occur at a rate 1/τ o in the scattering volume, the probability that two events overlap in time is 2T /τ o . For the experiments considered in Fig. 12 , T /τ 0 is typically 10 −2 , one order of magnitude lower than in the experiments reported by Gittings and Durian. We conclude that simultaneous uncorrelated events in the scattering volume cannot have a significant impact on the distribution shown in Fig. 12 .
As it does not depend on interfacial rigidity, the distribution of rearrangement durations should be insensitive to the details of the dissipation mechanism. This distribution could be linked to collective bubble relaxation modes [52] , or to fluctuations in event size, contact forces, and contact numbers [53, 54] .
C. Average rearrangement duration T
In Fig. 13 we plot the average rearrangement durations T versus osmotic pressure for samples where the bulk viscosity η = 1.8 mPa.s and the bubble diameter d = 135 μm are the same, but where the interfacial rigidity is either low or high (Table I) . Interfacial rigidity is seen to have a great influence on the bubble rearrangement duration T : For a given pressure , T is up to one order of magnitude higher when the interfacial rigidity is high. In addition, the dependence of T with changes qualitatively depending on rigidity: As the osmotic pressure is multiplied by 6, T decreases roughly as −1 for low rigidity while it is independent of for high rigidity.
To discuss the range of liquid fractions ε probed in our experiment, we recall the relation between and ε in the range investigated in our experiments [41, 55] 
where d 32 is the Sauter mean diameter, defined as
(D is the diameter of a given bubble). For an ordered close-packed structure (fcc or hcp), ε c = 0.26 and k = 14.6 [55] , whereas for a monodisperse or moderately polydisperse random packing, ε c = 0.36 and k = 6.4 [41] . The structure of the foams that we study is initially monodisperse and polycrystalline, and as coarsening progresses, it becomes polydisperse and randomly packed. The ratio d 32 /d deduced from the measured bubble size distributions (Figs. 2 and 3 ) increases during the experiment from 1.0 to ≈ 1.4. In the following, we will take the latter value to discuss the disordered polydisperse foams. For d = 100 μm and γ = 30 mN/m, Eq. (6) shows that the pressure range in our experiments (10-300 Pa) corresponds to liquid fractions 0.11 < ε < 0.23 for crystalline foams, 0.13 < ε < 0.31 for monodisperse disordered foams, and 0.10 < ε < 0.30 for polydisperse disordered foams. Our experiments thus cover a wide range of liquid fractions and pressures close to the jamming transition. This excludes, however, the asymptotic regime, often studied in simulations, where ε c − ε is of the order of 1 % or less.
Rearrangements in foams with low interfacial rigidity
Figure 14(a) shows that for foams with low interfacial rigidity, the average rearrangement duration T roughly scales as the inverse of the pressure , and that it increases with bulk viscosity η as well as slightly with bubble diameter d (data previously published in Ref. [36] ). These dependencies can be explained by a mechanism initially proposed for structural rearrangements in concentrated hard sphere suspensions [8, 16] . A rearrangement starts when the contact forces acting on some of the bubbles are no longer equilibrated. To analyze how the packing relaxes towards a new equilibrium, we first express the typical contact force in terms of the osmotic pressure. The Irving Kirkwood relation [56] connects the average stress of the contact network σ ij to the contact forces f kj and the vectors r ki that connect the center of a bubble to the contact positions. k is an index that distinguishes contacts and that goes from 1 to the bubble coordination number n. Close to the jamming transition, n is equal to 12 for ordered structures and on the average equal to 6 for disordered ones. i and j indicate vector or tensor components and V is the bubble volume. The symbol B indicates an average over the bubbles
The osmotic pressure is equal to minus one third of the trace of σ ij . Describing the bubbles in wet foams as spheres of diameter d, and denoting the moduli of the normal forces pushing against the bubble f ⊥,k we obtain
Thus the average normal contact force f ⊥ B pushing on a facet of an individual bubble is estimated as follows, neglecting all correlations:
On this basis, we conjecture that when an imbalance of the forces pushing on a bubble appears due to coarsening, the net force driving a rearrangement in a wet foam scales as d 2 . We now consider the friction forces that resist against the bubble motion. In the absence of interfacial rigidity, the stress at the gas-liquid interfaces must be zero, and therefore, the relative motion of neighboring bubbles cannot drive a shear flow in the film where they meet. In this case, the viscous flow of the liquid displaced upon a rearrangement in the interstices of the packing becomes the dominant mechanism of dissipation [8] . This is in contrast to models of the friction previously considered in simulations of foam flow and viscoelastic relaxation [52, 57] . Ignoring correlations between the motion of neighboring bubbles, we estimate that as a bubble moves a typical distance d upon a rearrangement, it displaces a liquid volume εd 3 through a porous medium of permeability αd 2 . Writing Darcy's law at the bubble scale, we get a modified Stokes friction force that scales as η(d 2 /T )(ε/α). Balancing the driving and friction forces acting on a bubble involved in a rearrangement yields the relaxation time
where A is a dimensionless prefactor. This equation depends on the liquid fraction ε, related to the confinement pressure via Eq. (6), and the permeability coefficient α which has been measured for disordered foams with mobile interfaces as a function of liquid fraction ε [58] . It is described by the semi-empirical law α = 10 −3 × (2.1ε 2 + 0.27ε 3/2 ). We use this result and Eq. (6) to express ε/α as a function of the reduced osmotic pressure defined as˜ = /(γ /d). ε/α is of order 10 3 and increases by a factor up to 2.5 as˜ increases from 10 −1 to 1. We finally rewrite Eq. (10) in dimensionless form
In Fig. 14(b) , we plot γ T /(ηd) as a function of˜ and observe a collapse on a master curve of all our experimental data obtained for low interfacial rigidity, different viscosities, and different bubble sizes. The prediction Eq. (11) is also shown, with A = 0.33. Since the function ε(˜ ) given by Eq. (6) depends on the packing structure, Eq. (11) is slightly different for ordered monodisperse, disordered monodisperse, and disordered polydisperse foams. Figure 14 (b) shows that this effect only has a minor impact, of the same order as the experimental uncertainty in the investigated range of osmotic pressures. These results demonstrate a good agreement between our prediction Eq. (11) and the data. Figure 15 shows how average rearrangement durations T in foams with high interfacial rigidity depend on sample characteristics. For none of the investigated solutions and bubble diameters, T varies significantly with the pressure . T increases with G at constant d: for d ≈ 130 μm, T is multiplied by 2.7 when G varies from 0 % to 40 %. This change in composition leads to an increase of η by a factor of 3.5, while κ is multiplied by a factor of 1.4 (Table I) . Moreover, T is an increasing function of bubble size, as discussed below.
Rearrangements in foams with high interfacial rigidity
The event durations measured for SLES-CAPB-MAc solutions with G = 20 % are similar to those previously reported for Gillette foam [30] which also exhibits high interfacial rigidity [22] : T = 440 ms for ε = 0.08, d ≈ 110 μm, η = 1.8 mPa.s (the same viscosity as for G = 20 %) and γ = 24 mN/m. At G = 0 %, they are also comparable to the typical duration of T1 events (∼300 ms) measured in bubble clusters for the same SLES-CAPB-MAc solution [26] .
We first investigate whether the model presented in Sec. IV C1 can account for the rearrangement durations measured for solutions with high interfacial rigidity. Lorenceau et al. have shown that the foam permeability α decreases with increasing interfacial rigidity [58] , so that rearrangements are expected to be slower in this case, for a given foam structure and bulk viscosity. We thus plot in the inset of Fig. 15 the prediction of Eq. (11) for rigid interfaces (calculated for d = 130 μm and G = 20 %). As can be seen, the data rule out the model leading to Eq. (11) in the case of high interfacial rigidity: Neither the order of magnitude of T nor the dependency T ( ) are correctly predicted. This shows that other mechanisms of viscous dissipation must be dominant.
The viscous resistance of the surfactant monolayers against dilation or compression may contribute to the dissipation upon a rearrangement. This mechanism has been shown to explain relaxation dynamics following topological changes in dry 2D foams or 3D bubble clusters [24, 26] . The applied osmotic pressure pushes neighboring bubbles against each other so that thin liquid films of diameter δ are formed at the contacts. In the course of a rearrangement, these contact films dilate or contract. Because of the high interfacial rigidity, there is a viscous surface resistance to this change of interfacial area. The mechanical power dissipated at the surface scales as κδ 2 /T 2 , where κ is the dilational surface viscosity and 1/T is an estimate of the surface dilation rate. As the characteristic velocity of the bubble is ∼d/T , the viscous force that hinders the rearrangement scales as (κ/T )(
2 ) between bubbles can be expressed as the product of the film area (∼δ 2 ) and the capillary pressure P c which scales as γ /d for wet foams [59] . The balance between the two forces yields the relaxation time
where T surface is predicted to be independent of as observed experimentally. In our experiments, κ ∼ 100 mN.s/m and γ ≈ 20 mN/m ( Table I ), so that T surface ≈ 5 s, only one order of magnitude higher than the measured values of T . However, the independence of T surface on the bubble size d is not consistent with our data (cf. Fig. 15 ).
Interfacial rigidity also has an impact on the liquid flow induced upon a rearrangement because the relative motion of neighboring bubbles with rigid interfaces induces dissipative shear flow in the contact films. Such a mechanism was found to be dominant in concentrated suspensions of soft particles like suspensions of microgel spheres [60] where the dynamics arise from the competition between elastic forces F el due to Hertzian contacts and viscous drag F d . On the one hand, F el ∼ E H δ 3 /d where E H is the contact elastic modulus. On the other hand, the elastohydrodynamic coupling between the deformation of the spheres and the (steady) shear flow inside the films sets the film thickness, so that 
Such a decrease of the rearrangement duration with osmotic pressure is not consistent with our experimental data. For foams or emulsions in the wet limit, elastic interactions between bubbles are described by a harmonic contact rather than a Hertz contact [62] . This modifies the previous scaling law to give T EHD ∼ (ηd/γ )˜ −1/2 , which still disagrees with our experimental data. This disagreement suggests that the transient bubble interactions upon a rearrangement cannot be modeled in terms of a steady state elastohydrodynamic coupling.
We now study the behavior expected if existing bubble contacts do not have the time required to reach the steady state thickness predicted by the elastohydrodynamics model leading to Eq. (13) . We assume that, as bubbles slide along each other, the film thickness is close to its equilibrium value h eq , of the order of 20-50 nm. The velocity gradient inside the film scales as d/(T h eq ), leading to a viscous stress ηd/(T h eq ). The film area scales as δ 2 , yielding a viscous force opposed to the sliding motion that scales as ηδ 2 d/(T h eq ). This is similar (for δ ∼ d) to the viscous bubble interaction assumed in the bubble model widely used in simulations of foam rheology [63] . Balancing the viscous friction due to shear in the films with the driving force (γ /d)δ 2 yields the following relaxation time:
where T film is independent of the osmotic pressure , as observed in our experiments. However, Eq. (14) predicts a linear increase of T film with bulk viscosity η and a quadratic dependence of T film with the bubble diameter, which are not consistent with all of our results: For G = 0 %, increasing d by a factor of 2 enhances T by a factor of 3.6, while for G = 20 %, increasing d by a factor of 1.8 enhances T only by a factor of 2.2. This inconsistency may be due to an oversimplified description of the film thickness in Eq. (14) . Bubble contacts that persist upon a rearrangement may have a thickness close to equilibrium, but those which are newly formed when topological changes occur will thin down only progressively as the contact facets are squeezed against each other under the effect of the capillary pressure P c [64] [65] [66] . This effect has been shown to have a major impact on the shear stress in foams and emulsions flowing at a steady rate [64] . The film thinning dynamics can be modeled by the Reynolds equation [67] . Neglecting the disjoining pressure that ultimately stops the thinning, the rate of thinning of a film of thickness h is
Integrating Eq. (15) provides the estimate T thin = (3/16)ηδ 2 /(P c h 2 ) for the time required to reach a thickness h, starting from a much larger initial thickness. In the wet limit, we can estimate
. Assuming values that are typical in our experiments η = 2 mPa.s, d = 100 μm, δ = 10 μm, and γ = 20 mN/m, we obtain a time T thin ≈ 50 ms necessary to reach h = h eq ≈ 30 nm. This is comparable to the observed rearrangement duration, indicating that film drainage effects can indeed be significant. They may explain at least qualitatively the observed variation of T with bulk viscosity and d: As η or d is enhanced, the rate of film thinning in newly established contacts decreases. Therefore, the increase of T due to the factor ηd 2 in the numerator of Eq. (14) may be partially compensated by the increase of the average thickness in the denominator, where h eq is replaced by a typical thickness, averaged over the duration of the bubble displacement. Note finally that the film thinning process is associated with displacements much smaller than the wavelength of light, which cannot be detected in our light scattering experiments.
To summarize, the only one of the models discussed here that explains at least qualitatively the rearrangement durations observed for foams with rigid interfaces is based on the interplay of two effects: elastic bubble interactions that act as a driving force and a friction force due to shear flow in the contact films whose thickness relaxes towards equilibrium during the rearrangement.
V. SUMMARY AND CONCLUSION
We investigate the dynamics of bubble rearrangements in coarsening foams under controlled osmotic pressure, using time-resolved-correlation spectroscopy, a technique where the intensity fluctuations of coherent light backscattered from the foam are measured. These data show that slow continuous dynamics coexist with much faster intermittent bubble rearrangements. Their durations T extracted using two different data analysis schemes, based, respectively, on second and fourth order intensity correlation functions, are consistent. Our measurements therefore provide a well defined time scale that characterizes the intermittent dynamics. The distribution of event durations normalized by their average value is found to be remarkably robust: it is independent not only on osmotic pressure (and thus liquid content) but also on the physicochemical constitution of the foam. It might therefore be a generic feature of structural relaxations in soft disordered packings without static friction.
We also study the impact of bubble size, polydispersity, bulk viscosity, and interfacial rigidity on the average rearrangement duration T . Two qualitatively different behaviors appear, depending on interfacial rigidity, characterized by the dilational interfacial viscosity κ. When the jamming transition is approached by reducing the confinement pressure towards zero, T grows as the inverse of in the case of low interfacial rigidity. We explain this scaling behavior by a simple model, previously used for granular suspensions: T is given by the balance of the confinement pressure, acting as a driving force, and the viscous friction due to the Darcy flow of the liquid displaced through the network of interstices. This model also predicts the dependence of T with bubble radius and liquid viscosity that we observe experimentally. If the interfacial rigidity is strongly increased for a given foam structure and bulk viscosity, the rearrangement dynamics slows down and the duration T hardly depends on osmotic pressure. We show that dissipation due to shear flow in the contact films may lead to this behavior, but the observed dependency with bulk viscosity and bubble radius remains to be explained quantitatively.
These findings highlight significant differences between the experimentally observed behaviors of the foams and schematic dissipation models currently used in simulations of the rheology of soft spheres dispersions without static friction. The impact of interfacial rigidity that we report suggests that a detailed description of dissipation in the films separating bubbles or due to liquid transport through the interstices of the packing is required to capture the dynamics in real foams.
Our work raises several questions calling for future investigations. The first concerns the importance of collective bubble motion. In the dissipation mechanisms we consider, this effect is ignored, despite the evidence for its importance for viscoelastic relaxations and flow in sphere packings with viscous friction [18, 52] . Spatially resolved time-resolved correlation spectroscopy studies of bubble rearrangements [33] may provide insight into this issue. Another important question is to what extent our findings concerning rearrangements induced by coarsening are of general validity and carry over to those induced by applied strain. Close to the jamming transition, the flow behavior of foams with low interfacial rigidity has been shown to be consistent with a typical rearrangement duration scaling like bulk viscosity divided by osmotic pressure [17] , as reported in the present study. In situ observations of rearrangement dynamics in flowing foam using multiple light scattering would allow to confirm this link between local dynamics and the macroscopic rheology. Finally, a quantitative criterion is missing that predicts how rigid interfaces have to be to induce a crossover between the two kinds of rearrangements dynamics that we have observed, depending on other physicochemical foam characteristics.
Combined with such further insights, our results may clarify whether foam rheology can be explained by generic mechanisms shared by many soft random packings, in particular close to the jamming transition, or whether the coupling between dynamics at the interfacial, bubble and macroscopic scales gives rise to unique behavior.
